Background--While elevated homocysteine has been associated with calcification in several studies, its importance as a cardiovascular risk factor remains unclear. This study examines the relationship between homocysteine and vascular and valve calcification in the MESA (Multi-ethnic Study of Atherosclerosis) cohort.
sulfhydryl group, homocysteine has been proposed to mediate vascular inflammation and damage by promoting oxidative stress secondary to reactive oxygen species accumulation, 2 which in turn leads to an increase in cardiac and vascular disease risk by promoting endothelial dysfunction, smooth muscle cell proliferation, and vascular calcification. 2, 3 Consistent with this hypothesis, hyperhomocysteinemia has been associated with an increased risk for coronary heart disease (CHD), heart failure, atrial fibrillation, stroke, and mortality. [4] [5] [6] [7] [8] [9] However, the importance of homocysteine as a risk factor for heart disease remains uncertain. A recent meta-analysis concluded that methylene tetrahydrofolate reductase gene (MTHFR) variants associated with moderate hyperhomocysteinemia have little to no effect on CHD when unpublished data sets are analyzed, suggesting publication bias. 10 An additional meta-analysis found that folic acid supplementation, which lowers homocysteine levels, had little to no effect on CHD risk. 11 Despite this evidence, studies have demonstrated clear associations between elevated homocysteine and calcification, 3, 12, 13 and vascular and valvular calcification are well-established risk factors for cardiovascular morbidity and mortality. [14] [15] [16] Given the controversy about the role of homocysteine as a risk factor for development of CHD, we were interested in assessing the potential role of homocysteine in vascular disease. The objective of this study was to determine whether elevated homocysteine is associated with valvular and/or vascular calcification among participants in the MESA cohort.
Methods

Study Population
The objectives and design of MESA (Multi-Ethnic Study of Atherosclerosis) have been previously described. 17 Briefly, MESA is a prospective study involving 6814 men and women aged 45 to 85 years at baseline (2000) (2001) (2002) , from 4 racial/ ethnic groups (white, black, Hispanic, and Chinese). Subjects were recruited from 6 field centers in the United States and were free of known cardiovascular disease at the time of recruitment. The primary purpose of MESA is to study the development and progression of subclinical cardiovascular disease. Our study population included all MESA participants with baseline homocysteine measurements and baseline cardiac computerized tomography (CT) scans (n=6789). Study participants gave informed consent, and institutional review board approval was given at all MESA sites. The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Laboratory Measurement of Plasma Homocysteine and Other Blood Biomarkers
Plasma homocysteine was measured with high performance liquid chromatography, using fluorometric detection. The assay's coefficient of variation (CV) was 3.8%. Total cholesterol was measured in EDTA plasma with the cholesterol oxidase method on the Roche COBAS analyzer (Roche Diagnostics) at the University of Minnesota Advanced Research and Diagnostic Laboratory, with an assay CV of 1.6%. High-density lipoprotein (HDL) cholesterol was measured by the same method after precipitation of non-HDL cholesterol with magnesium/dextran, with an assay CV of 2.9%. CRP (C-reactive protein) was measured with a BNII nephelometer (Dade Behring Inc) at the Laboratory for Clinical Biochemistry Research at the University of Vermont with an assay CV of 3.6%.
CT Imaging for Assessment of Arterial and Valvular Calcification
Quantitation of coronary artery calcification (CAC), descending thoracic aorta calcification (DTAC), aortic valve calcification (AVC) and mitral annular calcification (MAC) have been described previously, and all were assessed using cardiac computed tomography (CT) with the Agatston scoring method. 18, 19 Ascending thoracic aorta calcification (ATAC) was not included in the analysis because of the low prevalence in the MESA cohort. 20 All cardiac CT scans were read at the MESA central reading center (Los Angeles Biomedical Research Institute, at Harbor-UCLA, Torrance, California).
Cardiac CT scans were performed at baseline and follow-up visits on participants. Specifically, the first follow-up scans were performed at visit 2 (n=2914) or visit 3 (n=2925), 21 occurring an average of 2.5 years after baseline scans, with CAC, DTAC, AVC, and MAC assessed. A prior study assessing risk factors for CAC in MESA characterized the individuals with missing followup cardiac CT scans, and found that they were slightly older, more likely to have CAC at baseline, had higher systolic blood pressure, increased prevalence of diabetes mellitus, and more likely to be a current smoker. 22 Visit 4 scans for CAC were assessed in a subset of participants (n=1349), preferentially targeting those that had missed a visit 3 scan. 21 At visit 5, an average of 10 years after baseline scans, CAC was measured an additional time in participants (n=3304). 21 
Measurement of Other Covariates
Standardized questionnaires were used to collect demographic and medication use history, including age, sex, education, hypertension medication use, lipid lowering medication use, smoking status, and alcohol use. 17 Body mass index parameters (weight and height) and blood pressure were measured by trained clinical site staff, and cholesterol
Clinical Perspective
What Is New?
• This is the first study showing an association between elevated homocysteine and both incidence and progression of coronary and extra-coronary vascular calcification. • This study challenges prior research which has questioned homocysteine's role as a cardiovascular disease risk factor because of lack of impact of homocysteine-lowering therapies, which were administered for short time frames that may have been inadequate to halt or reverse effects of longterm homocysteine elevation.
What Are the Clinical Implications?
• Homocysteine may have a role in predicting risk for incidence and progression of vascular calcification. • Further studies are needed to ascertain the role of homocysteine as a marker and risk factor for atherosclerosis and cardiovascular disease.
and HDL-C measurements were performed on blood samples collected from participants. 17 Diabetes mellitus status was defined as a fasting glucose of ≥126 mg/dL, self-reported physician diagnosis, or use of insulin and/or diabetes mellitus medications, as previously described. 23 
Statistical Analysis
Statistical analysis was conducted using STATA 15.0 (College Station, TX). To obtain a robust association, homocysteine was examined as either tertiles or a dichotomous variable using a current clinical reference value (Hcy>12 lmol/L), which is approximately the 87th percentile in the MESA data at baseline. Calcification outcomes (CAC, AVC, MAC, DTAC) were treated as binary variables (0=Agatston score of 0 or 1=Agatston score>0) in prevalence and incidence models. Prevalence and incidence ratios were estimated using relative risk regression (log-link) for associations between homocysteine and calcification outcomes with adjustments for age, race/ethnicity, sex, education, clinic site, body mass index, hypertension, diabetes mellitus, cigarette smoking, total cholesterol, HDL-C, creatinine-based estimated glomerular filtration rate (eGFR cr ), statin use, and CRP. CAC or DTAC progression was evaluated as the change from baseline measure to the last examination with CAC or DTAC scans, normalized with the follow-up time (years). Progression status for CAC was categorized into 3 groups: no progression (defined as DCAC ≤0/year), moderate progression (defined as 100>DCAC>0/year) and severe progression (defined as DCAC ≥100/year). Progression of DTAC was categorized in the same manner as CAC. Association between CAC/ DTAC progression and homocysteine was evaluated using multinomial logistic regression adjusted for the same covariates previously described.
Results
Demographic, lifestyle, and clinical characteristics of 6789 MESA participants were evaluated by the clinical homocysteine cutoff of Hcy>12 lmol/L (Table 1 ) and by homocysteine tertiles ( Table 2) . Individuals with higher homocysteine levels were more likely to be older, men, less educated, taking hypertension or lipid-lowering medications, to have elevated systolic blood pressure, lower estimated glomerular filtration rate, diabetes mellitus, elevated total cholesterol and HDL, and increased prevalence of CAC, AVC, MAC, and DTAC. Homocysteine-related prevalence and incidence ratios for prevalent and incident calcification, respectively, are reported in Table 3 , adjusted for age, race, sex, education, clinic site, body mass index, hypertension, diabetes mellitus, cigarette smoking, total cholesterol, HDL-C, eGFR cr , statin use, and CRP. Homocysteine levels above the clinical cut-off of 12 lmol/L were associated with prevalent CAC (prevalence ratio= 1.07, 95% CI 1.02-1.12), as were homocysteine levels in the second and third tertiles (prevalence ratio=1.08, 95% CI 1.02-1.15 and prevalence ratio=1.11, 95% CI 1.05-1.17 respectively). Elevated 
Discussion
In this multi-ethnic cohort of black, white, Chinese, and Hispanic participants, homocysteine was significantly associated with prevalence, incidence, and progression of CAC and DTAC. To our knowledge, this is the first study to demonstrate an association between elevated homocysteine and incidence and progression of coronary and extra-coronary calcification. Additionally, null findings were largely observed in analyses of valvular calcification, suggesting that the influence of homocysteine on calcification is restricted to vessels rather than valves. It has been previously established that CAC and DTAC are tightly linked and share similar risk factor profiles for progression in the MESA cohort. 20, 22, 24 Thus, our finding of significant associations between elevated homocysteine and both types of vascular calcification is consistent with prior studies on MESA participants, indicating that the pathophysiological processes driving CAC and DTAC are similar. These findings have been reproduced in other cohorts as well; a recent analysis of CAC and TAC in the Heinz Nixdorf Recall study found that the main determinants for CAC and TAC incidence and progression were predominantly the same. 25 In contrast to vascular calcification, the associations between homocysteine and valvular calcification were largely non-significant, indicating that the pathophysiologic mechanism for valvular calcification differs from that of vascular calcification as had been reported previously. 26, 27 Specifically, a recent study using positron emission tomography and CT to measure active calcification and inflammation in the aortic valve, aorta and coronary arteries found that active inflammation was more pronounced in areas of vascular calcification than in calcific valves. 26 While elevated homocysteine has been previously associated with prevalent coronary calcification, no study has demonstrated an association between incident coronary calcification and elevated homocysteine. Additionally, there has been only 1 small study (n=133) demonstrating a significant association between elevated homocysteine and coronary artery calcification progression. 28 However, this prior study did not show an association between elevated homocysteine and CAC prevalence or incidence, nor did it assess extra-coronary calcification. Therefore, to our knowledge, our study is the first to demonstrate significant associations between homocysteine and prevalence, incidence and progression of both coronary and extra-coronary calcification. Prior in vitro studies provide mechanistic support for the associations observed in the present study, with several studies demonstrating an association between homocysteine, inflammation, and calcification. 2, 29, 30 Specifically, in vitro studies have demonstrated that elevated homocysteine increases reactive oxygen species production in microvascular endothelial cells, leading to induction of inflammatory responses mediated by nuclear factor-jB. 2, 31 Additionally, homocysteine has been shown to promote osteogenic differentiation and calcium deposition in vitro, and homocysteine was found at higher levels in calcified human atheroma, when compared with non-calcified biopsies. 29 Therefore, we hypothesize that elevated homocysteine is a contributor to this pathophysiologic process of vascular inflammation and damage that leads to vascular calcification but does not play a significant role in valvular calcification.
There is currently considerable debate in the literature as to whether homocysteine is a causal risk factor for CHD, a risk marker for CHD, or neither. A recent Cochrane systematic review assessed 15 randomized controlled trials and concluded that they demonstrate no effects of homocysteinelowering interventions on myocardial infarction, adverse events, or mortality. 32 Additionally, a 2012 meta-analysis of 19 unpublished data sets found that genetic variants in the methylene tetrahydrofolate reductase gene (MTHFR) associated with moderate hyperhomocysteinemia were not associated with an increased risk for CHD. 10 The investigators concluded that the discrepancy between their null findings and prior studies demonstrating an association between homocysteine and CHD should be attributed to publication bias of prior studies because of positivity of results and/or methodologic issues with those earlier studies. 10 Given these recent publications, interest in homocysteine as a cardiovascular biomarker has diminished. However, the randomized controlled trials and meta-analysis have some important limitations that may have influenced their findings. First, the majority of randomized controlled trials using homocysteinelowering interventions had short treatment and follow-up periods (≤2 years). 32, 33 The longest randomized controlled trial, WAFACS (Women's Antioxidant and Folic Acid Cardiovascular Study), had a follow-up period of 7.3 years and only measured homocysteine directly in 5% of participants, and therefore could not directly identify participants with high homocysteine levels to determine whether this subgroup had a significant reduction in cardiovascular events from homocysteine-lowering vitamin regimens. 33 It is additionally important to note that WAFACS enrolled only high-risk women with known cardiovascular disease or at least 3 cardiovascular risk factors. 33 Therefore, this study likely had a high percentage of subjects with established coronary artery and/or thoracic aorta calcification. Calcification is not reversible, and therefore if homocysteine contributes to risk for vascular calcification, reduction of homocysteine would not be expected to impact outcomes in a high-risk cohort likely to already have established vascular calcification. Additionally, prior studies have demonstrated that, while homocysteine levels are influenced by both genetic and environmental factors, levels in an individual are relatively constant over time. 34, 35 Therefore, it is possible that short-term reduction in homocysteine levels through B vitamin supplementation is not sufficient to reverse or impact the cardiovascular effects of lifelong, chronic elevation of homocysteine. Relatedly, the 2012 meta-analysis that found no association between hyperhomocysteinemia-associated MTHFR variants and CHD also did not have directly measured homocysteine levels for participants. Therefore the meta-analysis data support the conclusion that MTHFR variants are not associated with CHD, but are not sufficient to discount the impact of elevated homocysteine on cardiovascular outcomes. 10 In fact, a 2009 study assessed the association of MTHFR variants with homocysteine levels in the Coronary Artery Risk Development in Young Adults cohort, both before and after folate fortification was implemented in the United States in 1998, and found that MTHFR variants in the post-fortification era were neither required nor sufficient to cause hyperhomocysteinemia. 36 Relatedly, it is important to note that the MESA study occurred in the era of folate fortification, and yet 900 of 6789 MESA subjects had homocysteine levels above the clinical cut-off, with those elevated levels associated with vascular calcification in our study. Our study does have some limitations. While CAC was assessed at multiple follow-up visits, the remaining calcification measures (DTAC, AVC, MAC) were assessed at only a single follow-up visit. Therefore, the weaker associations of elevated homocysteine with prevalent and incident DTAC and DTAC progression may be attributable to the longer follow-up period for CAC. Assessing visit 4 and 5 scans for DTAC progression would determine whether a longer follow-up period strengthens associations between elevated homocysteine and DTAC incidence and progression. An additional limitation of the study is that homocysteine was measured at the baseline visit only, and not measured at follow-up visits in parallel with calcification assessments. However, as stated previously, prior studies have demonstrated relative stability of homocysteine over time and therefore lack of repeat homocysteine measurements is unlikely to impact our results. 34, 35 
Conclusions
This study confirms prior research demonstrating an association between homocysteine and vascular calcification prevalence and demonstrates a new potential role for homocysteine as a biomarker for both coronary and extra-coronary vascular calcification incidence and progression. CAC and DTAC progression have been shown to be associated with increased risk for all-cause mortality, hard and total CHD events, [37] [38] [39] and therefore a biomarker that identifies risk for vascular calcification progression would be a valuable tool for providers to more accurately risk stratify their patients. While recent literature has concluded that homocysteine is not associated with increased risk for cardiovascular disease, these conclusions may be premature, as the majority of these studies failed to directly measure homocysteine in participants and instead correlated MTHFR variants or B vitamin supplementation with cardiovascular end points. Therefore, future research is needed in large cohorts with direct homocysteine measurement, not only to confirm our novel findings, but to further clarify the role of homocysteine in cardiovascular disease. N01-HC-95166, N01-HC-95167, N01-HC-95168, N01-HC-95169 and R01 HL071739 from the National Heart, Lung, and Blood Institute, and by grants UL1-TR-000040, UL1-TR-001079, and UL1-TR-001420 from the National Center for Advancing Translational Sciences. This publication was developed under the Science to Achieve Results research assistance agreements, No. RD831697 (MESA Air) and RD-83830001 (MESA Air Next Stage), awarded by the US Environmental Protection Agency. It has not been formally reviewed by the Environmental Protection Agency. The views expressed in this document are solely those of the authors and the Environmental Protection Agency does not endorse any products or commercial services mentioned in this publication.
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